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Abstract 

Q> I We discuss methods to resolve the ambiguities in CP violating phase angles (p 

that are left when a measurement of sin 2(p is made. We show what knowledge 
of hadronic quantities will be needed to fully resolve all such ambiguities. 
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I. INTRODUCTION 



If we assume Standard Model unitarity there are two independent angles in the "unitarity 
triangle", both of which are related to the underlying non-zero phases of CKM matrix 
elements. We use the definition 7 = vr — /5 — a, where 



a = are 



j3 = arg 

have simple interpretations as phases of particular combinations of CKM matrix elements. 

In B factory experiments we seek to measure quantities that, in the absence of physics 
from beyond the Standard Model, are simply related to these angles. Ignoring for the 
moment the effects of subleading amplitudes, CP violating asymmetries are proportional to 
sin 20 where is one of the angles of the triangle. In particular, the first two CP asymmetries 
to be measured are likely to be in i? ^ "ip-^s which measures sin 2/3, and in B ^ tt+tt" 
which measures sin 2a. However, measurement of sin 20 can only determine the angle up 
to a four fold ambiguity: {0, 7r/2 — 0, tt + 0, 37r/2 — 0} with the angles defined by convention 
to lie between and 27r. Thus, with two independent angles, there can be a priori a total 
16 fold ambiguity in their values as determined from CP asymmetry measurements. These 
ambiguities can limit our ability to test the consistency between the measured value of these 
angles and the range allowed by other measurements interpreted in terms of the Standard 
Model CKM matrix elements 

In any model where the angles measured by the asymmetries in i? — ip^s and B tt+tt" 
are two angles of a triangle only 4 of the 16 choices are allowed, since the other combinations 
are incompatible with this geometry 0. Within the Standard Model, the present data on 
the CKM matrix elements further reduce the allowed range, implying that 2(3 is in the first 
quadrant {0 < j3 < tt/A), that < a < tt, and that there is a correlation between the values 
of a and /5 0. Thus, among the 16 possible solutions at most two, and probably only one, 
will be found to be consistent with Standard Model results. 

In the presence of physics beyond the Standard Model the values of the "would be" a 
and /3 extracted from asymmetry measurements may not fall within their Standard Model 



allowed range. Such new physics cannot be detected if the values of the asymmetry angles 
happen to be related via the ambiguities to values that do overlap the Standard Model range. 
Clearly, the fewer ambiguous pairings that remain, the better our chance of recognizing non- 
standard Model physics should it occur. 

One way to resolve these ambiguities is to measure asymmetries that depend on very 
small angles aTg[-VcsV*i^/VtsV^l] or aTg[-VcdV*jVudV*2. In this work we discuss other 
ways to resolve the ambiguities by measuring asymmetries that relate to large angles only. 
That is not to say we discuss only easy measurements. We will later briefly discuss the 
experimental difficulties, but first we review the issue from a theoretical perspective. In 
addition to the values of sin 20, only the signs of cos 20 and sin for both = a and = /5 
need to be determined. These four signs resolve the ambiguities completely: 

• sign(cos20) is used to resolve the 7r/2 — ambiguity. 

• sign(sin 0) is used to resolve the — > vr + ambiguity. 

Several measurements which can determine sign(cos20) have been proposed [0,^|T],^. 
Uncertainties in calculation of hadronic effects do not affect the interpretations of these 
measurements, although they do depend on the known value of hadronic quantities such 
as the width and the mass of the p. The determination of sign(sin0), however, cannot be 
achieved without some theoretical input on hadronic physics. Quantities that are indepen- 
dent of hadronic effects always appear as the ratio of a product of CKM matrix elements 
to the complex conjugate of the same product. Such pure phases are thus always twice the 
difference of phases of the CKM elements. Any observable that directly involves a weak 
phase difference of two CKM elements, 0, (rather than 20) also involves hadronic quantities 
such as the ratio of magnitudes of matrix elements and the difference of their strong phases. 
Thus, in order to determine the sign of sin a or sin (3 some knowledge about hadronic physics 
is required. 

We note that this is true even for our current knowledge of the Standard Model CP violat- 
ing phase, sin 6 > (where 6 is the single independent phase in the standard parametrization 
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of the CKM matrix |^). In order to determine sign (sin S) input on the sign of Bk is used 0. 
The quantity is a ratio of hadronic matrix elements. Its value is totally determined by 
the strong interactions and thus, a-priori, is not reliably calculable. However, by now many 
methods of determining Bk, including lattice calculations, all find that Bk > 0, though the 
range of allowed values is still quite large. As a result, it is now widely accepted that the 
sign of Bk is reliable and thus that, in the Standard Model, sin 5 > 0. 

Many weak decay amplitudes include two terms with different weak phases. In this 
work we show how the presence of a second term can be used to determine the sign of 
sin a and sin j3. The needed theoretical input is the sign of the real part of the ratio of 
the two amplitude terms (excluding CKM elements). The focus of this paper is to examine 
what input assumptions are needed to determine this sign, and discuss the status of these 
assumptions. Our aim is to clarify what is the minimum understanding of strong interaction 
effects that will be needed to resolve the angle ambiguities. Our current arguments alone 
cannot stand as a convincing reason to exclude an angle consistent with the Standard Model 
range in favor of a choice that is not consistent. However, were such a choice favored by 
this argument, it would at least pose a serious challenge to theorists to understand better 
the strong interaction effects involved. Eventually it may be that we have to piece together 
many such puzzles to get a view of non-Standard Model physics from the low energy frontier 
of B decays. 

In section 2 we review the general formalism of CP asymmetries in B decays. In section 
3 we review methods to determine sign(cos20). In section 4 we explain how to determine 
sign(sin0), and what is the theoretical input that has to be supplied. Finally, section 5 
contains discussions and conclusions. 

II. GENERAL FORMALISM 

In this section we present the general formalism of CP asymmetries in B decays. We 
start by explaining how we group penguin and tree diagrams and then present the needed 
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formalism. 



A. Two-term weak decay amplitudes. 

The terms "penguin" and "tree" amplitudes are standard in the field for weak decay 
amplitudes, but are actually only meaningful at the short-distance, quark-diagram level. 
Our argument here is quite general and is not in any way affected by the ambiguity inherent 
in these short distance labels. We group amplitude terms together by weak phase, rather 
than by individual diagrams. Then there is no need to attempt the unphysical distinction 
between rescattering of a tree diagram and a long-distance cut of a penguin diagram. Further 
we use CKM unitarity to eliminate one out of the up, charm and top penguin diagrams terms. 
In this way any B decay amplitude, including all tree and penguin diagrams, can be written 
as a sum of two terms, each with a definite weak phase related to particular CKM-matrix 
elements. The most convenient choice of how to group terms depends on the final state 
quarks. 

For b — > qqs decays, for any final state /, it is convenient to choose the two terms as 

A} = V^V^Af' + KoK^^r- (2-1) 

The second term here is Cabbibo suppressed compared to the first and is negligible in most 
cases. For b —>■ ccs decays (e.g., B — > ipKs) the second term gets further suppression since 
the dominant term includes a tree level diagram while the CKM-suppressed term contains 
only one loop (penguin) diagrams, namely, AJ^ :$> AJ"^. In 6 ^ uus decays the tree diagram 
contributes to the second term while the first term has only penguin contributions and hence 
Af^ <^ Ay-^, thus in this case there is no clear hierarchy among the two terms. 

For b qqd decays all the CKM coefficients are of the same order of magnitude. It is 
then convenient to express the amplitude as 

Aj = V,,V;,Af + Vt,V:,Af, (2.2) 



5 



where g = m or c is chosen so that the first term includes any tree diagram contribution 
for the channel in question. (When there is no tree diagram the choice is arbitrary.) The 
second term here has a weak phase predicted in the Standard Model to be half the weak 
phase of the mixing amplitude. Thus, only one unknown weak phase difference enters the 
analysis when the amplitude is written in this way. 

For any given channel at most one of these two terms has a tree diagram contribution. 
The tree diagram is generally expected to be the dominant contribution to any A^'^ for 
which it is non-zero, so we will call this the "tree-dominated" term to remind the reader 
that it also contains a difference of loop (or penguin) contributions with the same weak 
phase. We then refer to the other term, which has no tree diagram contribution, as the 
"penguin-only" term. 

We note, as an aside, that the two-term structure of decay amplitudes can also accommo- 
date any beyond-Standard- Model physics contribution, since any additional term in a decay 
amplitude, whatever its phase, can always be written as a sum of two terms of definite 
phase with (possibly negative) real magnitudes. The difference between Standard Model 
physics and non-Standard-Model physics then comes down to the expected relative sizes of 
the two terms. These expected sizes are, in general, dependent on our understanding of 
hadronic matrix elements. This just shows once again how difficult it could be to recognize 
the presence of non-Standard Model physics. The only reliable way to find new effect in 
decay amplitudes is to examine cases in which a single term significantly dominates the weak 
decay amplitude in the Standard Model ||^. 

B. General formalism 

Here we recall the general formalism of CP asymmetries in B decays. We use the standard 
notations 0. We assume the Standard Model all the way. 

The time dependent CP asymmetry in B decays into a final CP eigenstate state / is 
defined as 
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and is given by 



^ r[BO(t) ^ /] - r[B%t) ^ f] 



aj{t) = af' cos(AMt) + af sin(AMt), (2.4) 



with 



where p and q are the components of the interaction eigenstates in the mass eigenstates, 
\Bl,h) = p\B'^) ± and v4(y4) is the Bd{Bd) f transition amphtude 0. The time- 

dependent measurement can separately determine and a^™. We always consider decays 
with a leading tree diagram amphtude. Then, we write the amplitude as 

A = Are'^Te'^^ + Ape'''''pe'^'', A = Atc-^'^'t e'^-^ + Ape-'''''p e'^^ (2.6) 

where T and P stand for the tree-dominated and penguin-only terms respectively. The weak 
phases of the decay amplitudes, 0^ and 0p are convention dependent, as is arg(g/j9) but the 
differences 4>t = 4>t ^ 8'rg(g/p)/2 and (j)p = (p'p — arg(g/p)/2 are convention independent 
quantities that we seek to determine. Similarly, the strong phases are all subject to arbitrary 
redefinitions, only the relative strong phase of the two terms 5 = 5p — (Jj' is a physically 
meaningful quantity. We have introduced strong phases for each term so that we can always 
fix both At and to be real quantities, independent of any phase convention choice. We 
then define the real quantity 

Note that we allow r < 0. The CP violation sensitive quantity A is then 

X = Vf—J, (2-8) 

Here rjf is the CP parity of the final state. In particular, rj^Ks = ~1 and r^vr+Tr- = Vd+d- = 1- 



For b CCS decays, leading for example to the final state ipKs, the penguin-only term 
is Cabbibo suppressed and can be safely neglected. Thus r = should be an excellent 
approximation and we get the well known result ||^ 

af' = 0, af = r]fsm2(f)T- (2.9) 

We next consider b qqd decays, leading for example to the final states B ti^ti^ or 
B — > D^D^. Here, by definition, 0p = since the penguin contributions with a different 
weak phase are subsumed in At- Then 

^cos _ 2rsin0T sin (5 ^ ^ sin20T + 2r sin0T cos^ 

f X + + 2r cos 0t cos 5 ' 1 + + 2r cos 0t cos S 



III. DETERMINING sign(cos 2(/>) 

In this section we review measurements that can be used to extract sign(cos2Q;) and 
sign(cos 2/5). These signs resolve the (p ^ 7t/2 — (p ambiguities. 



A. B ^ piT 

All the three decays B p^vr^, B p^vr^ and B p^n^ can lead to a tt+tt^tt^ final 
state. Due to interferences between these channels sufficient information is encoded in the 
B ^ p-K decays to distinguish between the a and 7r/2 — a choices. This was shown in Ref. 
1^, where it was explained how both sin 2a and cos 2a can be measured using a full Dalitz 
plot distribution analysis. To resolve the ambiguity one needs only to fix the sign of cos 2a, 
which should be relatively easy to achieve. 

We do not repeat here the detailed explanations of Ref. ^ . In that work it was shown 
that there are several observables that, in the absence of penguins, directly measure cos 2a. 
(These observables all involve the imaginary part of an overlap between two different Breit- 
Wigner functions describing two different charges of p meson.) The presence of penguins 
spoils the simple relationship between these quantities and cos 2a. However, even when 
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penguin terms are present, there is enough information in the interference regions to deter- 
mine the sign of cos 2a. A multiparameter fit can obtain a preferred choice between a and 
7r/2 — a, even allowing for arbitrarily large penguin contributions. 

Here, and throughout this paper, we neglect the effects of electroweak penguins. These 
give a correction to isospin-based treatments for isolating certain CKM factors. The isospin 
structure of the amplitudes contributing to pvr decays is used to isolate terms with isospin 
two, because they receive no contribution from QCD penguin graphs, and hence show pure 
sin 2a and/or cos 2a dependence. Electroweak penguin graphs can give isospin two parts 
but the relevant contributions here are expected to be quite small and hence unlikely to 
confuse the extraction of the sign of cos 2a. 

Experimentally, the cos 2a determination involves fitting parameters to the contributions 
of a broad resonance. Under these resonances there are non-resonant B decay contributions 
which must also be fit in order to extract the relevant resonant effects. The question of how 
best to parameterize these non-resonant contributions is under study [|1^]. It will have to be 
resolved to extract useful results from these channels. 



B. 5 ^ DD** 

The idea of using overlapping decays to add information on cos 20 can be in principle 
applied to B decays to higher D resonances 0]. In that case, a full Dalitz plot distribution 
of TT final states can be used to determine the sign of cos 2/3. Since the D* are rather 
narrow the interference effects are probably too small to be detected m. B ^ DD* since 
there is essentially no overlap kinematic region between different D*'s. The B D^*W** 
decays are better candidates. The D** widths are larger and the effect may be measurable. 
More details are expected to be given in Ref. 0. Once again, it may be a problem to 
parameterize non-resonant D^*^D^*^n that contribute in the same region as the resonances 
and could potentially destroy the analysis. 
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C. DK^ 



The angle 7 satisfies the condition 

a + /5 + -^ = 7r (mod27r). (3.1) 

Since 7 is defined modulo 27r, the 16 possibilities for a and (3 result in an eightfold ambiguity 
in 7. These eight values give two different values for cos 27 and four different values for sin 27. 
Thus, by measuring cos 27 or sin 27 some of the ambiguities can be resolved. Here we focus 
on cos 27 and in the next subsection we discuss sin 27. 

The value of cos 27 can be used to resolve some combination of the </> 7r/2 — </> 
ambiguities. The trigonometric identity 

cos 27 = COS 2/5 cos 2a — sin 2a sin 2(3, (3.2) 

implies that the transformations (3 tt/2 — (3 or a 7r/2 — a (but not both) change 
the value of cos 27. As we assume that sin 2/5 and sin 2a are known, cos 27 can distinguish 
between the two cases {a, /?}, {7r/2 — a, 7r/2 — /?} or {7r/2 — a, /?}, {a, 7r/2 — /?}. Thus, for 
example, if cos 2a in known from the B ^ pn analysis, the sign of cos 2/5 can be determined 
from the measurement of cos 27. 

Several methods to extract sin^7 (or equivalently cos 27) using B"^ DK^ decays 
TT| , p^ or Bg decays [jl3| have been proposed [Q. For the purpose of illustration, below 



we concentrate on the method of [0. This method uses measurements of six B^ DK^ 
decay rates to extract cos 27 up to a two fold ambiguity. This two- fold ambiguity is due to 
an unknown strong phase. In general, this ambiguity can be removed by applying the same 
analysis for several final states |]1T| with the same fiavor quantum numbers as DK^. All 
these modes have the same weak phase but, in general, different strong phases. Thus, only 
one solution of cos 27 is consistent in all the modes while the second (incorrect) one should 
be different in the different modes, since strong phases differ from one mode to another. 

We note that even if we have a two-fold ambiguity in cos 27 because we have studied 
only a single final state system, the incorrect value of cos 27 should not be the same as that 
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obtained using the incorrect value of (3 or a. In that case there are going to be two possible 
solutions for cos 27 from the —>■ DK^ measurement, and two predictions arising from 
the measurements of sin 2/5 and sin 2a. In general, only one of the solutions will coincide 
and the other not. Choosing the one that coincides is sufficient to resolve the ambiguity in 
the cos 27 measurement and at the same time to fix the relative sign of cos 2a; and cos 2/3. 

D. Bs ^ pKs 

The time dependent CP asymmetry in certain Bg decays (e.g., Bg —>■ pKs) directly 
measures sin 27 if the penguin-only term in the decay amplitude is neglected. A measurement 
of sin 27 would determine the signs of cos 2/5 and cos 2a 0, assuming their magnitudes are 
known. The trigonometric identity 

sin 27 = —(cos 2/5 sin 2a + cos 2a sin 2/?), (3.3) 

implies that either or both of the transformations (3 —>■ ti /2 — (3 and a 7r/2 — a, change 
the value of sin 27. Thus, the signs of both cos 2a and cos 2/5 can be determined, once sin 27 
is known. 

Experimentally, it will be very hard, if at all possible, to measure this asymmetry. In 
addition, the penguin-only term is expected to be significant in 6 ^ uud decays, making 
the relationship between the asymmetry and the angle 7 more complicated fl^. These 
problems imply that the methods we mentioned before are better than the time dependent 
CP asymmetry in Bg pKs decay for determining 7 However, all these other methods 
determine cos 27. The justification to study the time dependent CP asymmetry in Bg pKs 
is that it probes a different functional dependence of 7, namely, sin 27. 

As we need only to choose between few discrete choices of 7 the problems mentioned 
before may not be so severe in our case. By the time measurement of the CP asymmetry in 
Bg pKs is feasible we will probably already know the rough value of the penguin contri- 
bution, from its relationship to similar effects in i? ^ tttt, extracted via isospin analysis, and 
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those determined from fits to Bd — > pvr. If cos 27 is already measured as discussed above, 
then we need this measurement only to distinguish between the two values of the sign of 
sin 27. In general only one sign will be consistent with the allowed range for the ratio of 
penguin-only to tree-dominated terms, so the ambiguity will be resolved even though an 
a-priori measurement of sin 27 cannot be achieved. 

IV. DETERMINING sigii(sin (/>) 

In this section we discuss how sign(sina) and sign(sin/3) can be determined. These signs 
resolve the — 7r + ambiguity. As we already explained, this ambiguity cannot be resolved 
in any theoretically clean way. Some knowledge of hadronic physics is always needed. In 
the following we describe several methods that can be used to resolve the ambiguity, and 
explain what is the needed theoretical input. 

In order to get sensitivity to sign(sin0) we focus on cases where two terms with different 
weak phases are involved in the decay amplitude. Then, in principle, the relative phase 
between these two terms can be determined. However, there is also a relative strong phase 
between these two terms. Therefore, theoretical input is required in order to disentangle 
the strong and the weak phases. The relevant hadronic quantity is found to be the sign of 
rcos6, that is the sign of the real part of the ratio of the two amplitude terms (excluding 
weak phases). 

A. B ^ ipKs ws D+D- 

In the case of the angle (3 we have one class of measurements, from h ccs processes 
such as -B — > ipKs, that have very small r. For these channels Eq. (p.9|) with 0^ = /3 is 
valid and the asymmetry measurement determines (3 up to the usual four-fold ambiguity 

afks = -^^^P- (4.1) 
The other class of measurements is from b — > ccd decays such as i? ^ D^D^. In this 
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case we expect r to be significantly larger and Eq. ( |2.10|) with 0^ = /5 is valid. For simplicity 
we will here give results valid only to leading order in r, however we have checked that the 
full expression contains enough information to avoid this approximation if needed. We get 

a^+^_ = sin 2/3 - 2rDD cos 2/3 sin /3 cos (5dd- (4.2) 

where 6dd is the strong phase difference between the tree-dominated and penguin-only 
B D^D^ amplitudes, and r^)^) is the signed ratio of their magnitudes. Comparing Eqs. 
(13) and (13) we find 



a'^Ks + = -'^rno cos5z5z?(cos2/3sin/3). (4.3) 

It is clear from this expression that we can fix the sign of sin (3 only if we know the sign of 
cos 2/3 and, in addition, the sign of cosSdd- We assume the first of these is given by the 
methods discussed in the previous section. 

Currently, there is no reliable way to determine the sign of the real part of the ratio of 
hadronic matrix elements {tddcosSod)- In order to proceed, we assume factorization. (We 
will discuss the reliability of this and subsequent assumptions later.) Assuming factorization 
and that the top penguin is dominant, we can infer from the results of Ref. [|1^], tdd < 0. 
Within the factorization approximation the relevant strong phases (almost) vanish, so that 
6d£) ~ 0, and hence the sign of cos6dd is given by the sign of tdd. 

Assuming cosSdd < as given by the factorization calculation we get 

signiafk^ + ai\^. ) = sign(cos 2/3 sin /3) . (4.4) 

Note, in particular, that the Standard Model predicts cos 2/3 sin /3 > 0, and therefore also 
that the asymmetry in D^D^ is smaller in magnitude than the asymmetry in ipKs (and 
opposite in sign). 

We need only measure the sign of the sum of the two asymmetries to resolve the ambi- 
guity. Even this may not be an easy task if roD is small, however a recent estimate found 
that in the Standard Model 3% ^ vdd ~ 30% [|r^, and certainly in the upper end of this 
range the required sign should be measurable. 

13 



B. B ^ pTT vs B ^ vr^vr 

We first explain how to get sin 2a uniquely out of the B ^ p-n decays without uncertain- 
ties due to penguin only terms. Then, the comparison with the asymmetry m B ^ tt+tt" 
can be used to determined sign(sina) using a similar approach to that discussed for (3 above. 

While the experiment may well proceed to determine all the various amplitudes and 
phases simultaneously by a maximum likelihood fit, it is instructive to inspect the expressions 
analytically to see what combination of terms actually enters into the measurement of sin 2a. 
We follow the treatment of and write 



^3 


= 


— s> p~^7T 


)=T3 


+ P1 + P0, 


As 


= - 


-> p tt"*" 


) = fs 


+ P1 + P0, 


(4.5) 


A, 


= 






-Pi + Po, 


A, 


= - 




) = T. 


-Pi + Po, 






A,= 






= T5 — Pq , 


A, 


= A{B^ - 


-> P°vr°) 


= T,- 


-Po, 





where Tj is the tree-dominated amplitude and Pi and Pq are the (suitably rescaled) penguin- 
only contribution for isospin one and isospin zero respectively. The CP conjugate amplitudes 
Ai, Ti and Pi differ from the original amplitudes, Ai, Ti and Pi only in the sign of the weak 
phase of each term. We further define 

Asun. = As + A, + 2A, = (iTsle*^^ + \T,\e''' + 2\T,\e''') e'^T, (4.6) 
Asum = As + A^ + 2A, = {\Ts\e''^ + \T4e''^ + 2\T,\e''') c-'^'t . 

Here, 5, is the strong phase of Tj, and (p'j. is the common weak phase of the tree-dominated 
terms. We see that Asum = Asum.G''^^'^''^ ■ From Table I of Ref . |^ we see that both AsumA*^^^ 
and Im (^qAsurnP*A*^j^^ are observables. (Note that q as defined in Ref. is equal to y/2qp* 
in our standard notation.) In particular, we see that from the data we can extract 

^Daiu. ^ fqA^\ ^ _ ^.^2«, (4.7) 

\ P ^sum J 

where for the last equation we used |g/p| = 1 and 0^ = tt — a. Eq. ( [4.7| ) shows that sin2Q; 
can be extracted using B —>■ pn decays without penguin pollution. We emphasize that in 
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order to obtain this result we did not have to assume that the top penguin is dominant. All 
penguin terms are included, either as a subdominant part in the tree-dominated amplitudes, 
or in the penguin-only term. 

Alternately, B ^ tttt decay modes can also be used to extract sin2Q; without hadronic 
uncertainties using isospin analysis. The needed measurements are the time-dependent rate 
for B TT+TT^ together with the time- integrated rates of B^ ti^ti^, B^ tt+tt^ and 
their conjugate decays [|l^], and a geometrical construction then allows extraction of sin 2a. 
However, discrete ambiguities in this construction imply that sin 2a can only be extracted 
up to certain discrete choices, which correspond also to differences in the relative phase and 
the ratio of magnitudes of certain tree-dominated and penguin-only terms (but not the same 
combinations as we identify below). The determination from pvr does not suffer from this 
problem. (These ambiguities could in principle be removed by a precise measurement of the 
time dependent asymmetry in B — tt^ti^ but this measurement is unlikely.) 

Now, assuming we have determined sin 2a, we look again at the B tt+tt^ decay, here 
using the interference of the two terms in the amplitude to determine the sign of sin a, just 
as we did in the D^D^ case for (3. Here, = vr — a and 0p = 0, and Eq. (|2.10D gives the 



asymmetry. Once again, for simplicity, we work to leading order in r, but this approximation 
can be avoided if needed. We get 

a^+j^- = — sin 2a — 2r^7r cos 2a sin a cos 5^,^, (4.8) 

where (5^,^ is the strong phase difference between the tree-dominated and penguin-only B 
TT+TT^ amplitudes, and r^j^ is the signed ratio of their magnitudes. Comparing Eqs. ( |4.7|) 
and ( |4.8| ) we get 

a'X- - = -2r.. cos (cos 2a sin a) (4.9) 

Thus, once sign (r^rTr cos ^tttt) is known, the measurements will determine sign(cos2asina). 
If the sign(cos2a) is known from the treatments discussed above, sign(sina) is then deter- 
mined; if not, at least the fourfold ambiguity of {sign(cos2a), sign(sina)} is reduced to a 
two-fold ambiguity. 
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Again, there is as yet no reliable way to calculate the sign of r^rTr cos^tttt- Therefore, we 



turn to the short-distance calculation with factorization to determine [|T^] that r^j^ < and 
that 5,r7r is very small. This then gives 

sign«^?^- - af;*'^*") = sign(cos 2a sin a). (4.10) 

With the knowledge of cos 2a this difference can be used to fix the sign of sin a. 



C. CP asymmetries in inclusive decays 

In the above, the main obstacle in getting theoretically clean predictions is that we do 
not have a reliable way to calculate the ratio of the relevant hadronic matrix elements. 
An alternative way, which does not suffer from this problem, is to measure asymmetries 



in semi-inclusive decays, e.g. to all states with a given flavor content |T8|. Here matrix 
elements are not needed. However a crucial assumption in this case is that the semi-inclusive 
measurements are described by the quark level calculations, which are needed to determine ^: 
the fraction of CP-odd final states. The quantity 1 — 2^ is referred to as the "dilution factor". 
The assumption, called local quark-hadron duality, that the quark-diagram kinematics are 
unaltered by hadronization, is essential to this calculation and is not well justified. In 
addition, we are convinced that full semi-inclusive measurements are not experimentally 
feasible, some data cuts will be needed. The effect of such cuts on the ratio of CP-even to 
CP-odd contributions is difficult to calculate and likely to be even more sensitively dependent 
on the local quark-hadron duality assumption. 

However, our game here is to determine signs, so we can possibly use these methods 
despite large uncertainties in the calculation of the relevant dilution factors, as long as 
the sign of (1 — 2,^) is reliably determined. The hope is that by the time the inclusive 
measurements will be carried out, we will have consistency checks that will either support 
or rule out local duality. For example, the inclusive asymmetry calculations are similar to 



that of the Bs width difference [|rU|. If future measurements of the Bg width difference agree 



with this calculation, it would support the local duality assumption. 
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A potentially useful measurement is the asymmetry in the Bd DX where X is multi 
pion state with no K meson contributions. Such decays are governed by the b cud and 
b —>■ ucd transitions. The inclusive calculation gives p!8[ 

ycdVuh 



O^=-(i-20 



sin(a-/5). (4.11) 



VudVch 

On the practical side, we note that the large inclusive rate may help compensate the CKM 
suppression of the asymmetry. We see that the a— S'Tr + aor/?— s>7r + /3 transformations 
(but not both) will change the sign of the result. The quantity (1 — 2^) is calculated to be 
about 0.21 ||18[, but the range of uncertainty on this quantity, and its dependence on the 
necessary experimental cuts remains to be explored. If we can convince ourselves that we 
know the sign of this quantity, as calculated for the specific data sample used to determine 
the asymmetry, we can use such a measurement to reduce the set of ambiguous choices for 
the two angles. Perhaps one way to proceed will be to explore, both in the theory and in 
the data, the sensitivity of the signs to changes in the selected sample. 

Another measurement that can be useful is that of Bg decays governed by the b cus 



and b ucs transitions. For this case Ref. |TB| found 



o^s, ^ (1 - 20 



yusVcb 



sin(a + /3), (4.12) 



where here 1 — 2^ 0.28 [0. Again, the a^vr + aor/?— i>7r + /3 transformations (but 
not both) will change the sign of the result. Note that unlike the previous case, here the 
CKM suppression is not very small. However, asymmetries in B^ decays are expected to be 
harder to measure. Once again the dilution factor calculation needs to be further explored 
to determine whether the sign of this quantity can reliably be calculated. 



D. Remarks about the theoretical assumptions 

We here examine the points at which it is important to clarify our theoretical under- 
standing if we are to use the results of B factory experiments to look for indications of 
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non-Standard Model physics. Our arguments can be strengthened by a combination of im- 
proved calculational methods (such as lattice calculations of matrix elements) and by testing 
the implications of similar arguments in a variety of channels, in addition to those studied 
for the CP studies. It is to be hoped that, by the time we have sufficient data to perform 
the measurements described above, both of these avenues will have been explored and our 
arguments, e.g. on the sign of the r cos S terms, either discredited or more firmly established. 
The point of this paper is that we need to pursue this further understanding to resolve the 
ambiguous choices. 

We will discuss here the exclusive final states. There, we use factorization to calculate 
the sign of r cos S. Here we discuss why it is plausible that this sign is correctly predicted by 
the factorization calculation. Our calculation uses the operator product expansion approach, 
which is rigorous, but adds to it the less rigorous ingredients of a model to calculate matrix 
elements. We apply this model only in color-allowed decays where the outcome is insensitive 
to the variation of the parameter governing the relative contribution of color-suppressed 
terms. 

The factorization approximation treats each quark- antiquark combination separately, 
the only strong phase, in this approximation, is a small effect that arises from cuts of the 
short- distance penguin diagrams involving m or c quarks. Thus, 5 ~ 0. To go beyond 
the factorization approximation we consider a two step picture in which the decay and 
hadronization occurs as calculated in the factorization approximation but (elastic and in- 
elastic) final state rescattering are allowed. While here we present only the D^D~ final 
state, similar treatment apply also to the tt+tt" final state with similar conclusions. The 
way to proceed is to work in the isospin basis. Each of the terms Are'^^'" and Ape'^^'" has 
two isospin contributions (labeled by the final state isospin If = 0, 1). These terms acquire 
strong phases through rescattering effects. We emphasize that the rescattering phases for 
the same isospin channel can be different in the penguin-only and tree-dominated terms. 
These amplitudes have different overlap between the D^D^ state and the other hadronic 
states with the same charm-quark content and isospin. Because the light quark content in 
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D~^D~ is dd we know that in both the tree-dominated and penguin-only terms separately 
the two isospin contributions are equal in magnitude. Thus, the effect of rescattering can 
be taken into account by writing the tree-dominated and penguin-only amplitudes as 

Are'^^ cos 6^^ , Ape'^'' cos 6^p^ . (4. 13) 

Here the phases are given by 

Sx = {S'^ + 6],)/2, 6f = {6'^-6],)/2, (4.14) 

where 6x is the phase shift of the isospin i term in the X = T,P amplitude. Thus, after 
rescattering, we find 

COS (5^^"^ 

rDD = r{^D cos Sdd = cos{6t - Sp), (4.15) 

cos Oj. 

where r{,'^* is run as calculated using factorization. Thus, the sign of tdd cos6dd is un- 
changed by rescattering if the relevant phase shifts are all sufficiently small that the cosines 
in Eqs. (|4.15| ) are all positive. 

It seems to be a reasonable assumption that all the relevant strong phases are small. 
There are no known nearby resonances with isospin or 1 in the spin zero partial wave in 
the D^D^ system at the B mass. Furthermore, some cross checks on this argument are 
available. The rates of D^D^ and D^D^ productions are given by 

T{B D+D-) = At cos 6^^ e'^^e'^T + Apcosd^j^e'^^e'^'p ^ . (4.16) 



T{B D^D^) = At sin 6^^ e'^^e^'f'T + Ap sin 6 fe'^^e'''''p 
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If the D'^D^ rate is small compared to the D^D^ rate it provides some confirmation that 
the rescattering phases Sj^ and 5p are small. 

Direct CP violation effects in these channels depend on the same rescattering phases and 
can be predicted in terms of the same parameterization. Such effects are proportional to 
sin (5 and so are small if all rescattering effects are small. Large direct CP violations in the 
D^D^ or TT+TT^ channels would be a reason to mistrust our argument for the sign of r cos 5. 
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However, small direct CP violations are consistent with, but not a convincing argument for 
small 6. An interesting example would be if sin 5 is found to be small in several channels 
with the same quark content (e.g. DD, DD* and D*D*). Then, we would have to conclude 
that either 5 ~ or 5 ~ tt in each of these channels. There is no reason to believe that any 
rescattering strong phases should be close to vr and it is even less likely that several at once 
have this value. However, due to the arguments for factorization, it is quite plausible that 
all of them are small at the same time. 

To conclude: the needed theoretical input is the sign of rcos6. Here, we argue that it is 
plausible that the correct sign can be predicted by factorization in color-allowed channels. 
Moreover, some cross-check can be done. However, we emphasize again that we believe that 
there is currently no reliable way to determine this sign. 



V. FINAL REMARKS AND CONCLUSIONS 

Our goal is to find physics beyond the Standard Model. While in this paper we present 
our results as a way to resolve the discrete ambiguities in the values of a and /3, it should be 
remembered that in the context of the Standard Model, because of constraints from other 
measurements, there is only two fold ambiguity in a and no ambiguity in f3. The importance 
of resolving the ambiguities is to expose a possible inconsistency with the Standard Model 
values. This will then indicate new physics. 

When looking for new physics, one should try to assume as little as possible about its 
nature. Here, we allowed any kind of new physics. This new physics can be (any combination 
of) new contribution to B — B, — Bg or K — K mixing, violation of the three generation 
CKM unitarity, or a new contribution to decay amplitudes. Once some inconsistency within 
the Standard Model is found, then the pattern it exhibits can perhaps be used to get some 
insight about the kind of the new physics responsible for it. 

The ideas presented here should be, of course, additional to other methods of looking for 
new physics [^. New physics can be found in several other ways: if the values of a and (3 
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are outside the Standard Model allowed range; if the asymmetry in Bg decay mediated by 
b —>■ CCS it significant; or, if asymmetries that should be the same in the Standard Model are 
found to be different ||^. Because any discrepancy can be an indication of physics beyond 
the Standard Model, it is important to try to have as many independent tests as possible. 

If some of the above hints for new physics were found, the ideas we presented have to be 
modified. For example, if acp{B (pKs) 7^ acp{B ipKs) which would indicate a new 
contribution to the h ^ s transition Pj2l|, we will not be able to determine sign(sin/?) by 



comparing acp{B ipKs) to acp{B D^D^). The underlying assumption in this analysis 
is that the former measures sin 2(3 to very high accuracy. A new significant contribution to 
the b ^ s transition would invalidate this assumption. 

However, in some situations of new physics, the methods we discuss can still be useful. 
For example, in models where the only significant new physics effects are significant contri- 
bution to the B — B or K — K mixing amplitude the unitarity triangle can, in principle, be 
reconstructed. However, the combination of discrete ambiguities and hadronic uncertainties 



make it impractical E^]. Reduction of the ambiguities, in a manner discussed here, may 



help in making this program feasible . 

In our analysis we always care only about a sign of a specific quantity. Usually, the 
sign of a specific quantity can be determined more easily than its magnitude. For example, 
the determination of cos 27 from B^ DK^ decays is experimentally very challenging. 
However, even a measurement with large errors may be sufficient for our purpose. Of course, 
if no choice is found to be consistent across the set of measurements we have an immediate 
indication for non-Standard Model physics. 

While the methods we describe work in generic points of the parameter space, there are 
some values of the angles where they will not work. This is the case where some of the 
quantities we need to determine are (very close to) zero. For example, when a = 7r/4 we 
have cos 2a; = 0. Then, the ambiguity in the value of a is only two fold, but it cannot be 
removed by the methods we presented. We used the ratio cos 2q; sin a/ cos2q; to determine 
sign(sina). However, when cos 2a we will not be able to measure this ratio. 
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Prom the experimental point of view, since many of the channels we have discussed have 
yet to be reliably observed it is not clear how feasible the comparisons we discuss will be. All 
these studies are certainly at least second generation B factory work, not feasible until large 
data samples have been accumulated. For example, the determinations of sign(sin0) using 
exclusive decays involve comparisons of measured asymmetries in two different channels. 
Determining the sign of a difference of two measured quantities, each of which will have 
significant errors, is certainly not going to be easy, and will be harder if the actual values of 
the asymmetries are small (e.g. if \a\ is close to 7r/2). 

To conclude: we explain how the determination of sign(cos20) and sign(sin0) (for = 
a, (5) fully resolve the 16 fold ambiguity in the values of a and (5 as can be extracted 
from CP asymmetries in B decays. The determinations of sign(cos2Q;) and sign(cos2/3) are 
theoretically clean. The determination of sign(sin a) and sign(sin/3), however, are plagued 
with some theoretical input, which, at present, is not reliable. The hope is that by the 
time the measurements will be carried out, our theoretical toolkit will be improved and we 
will be able to calculate more reliably the sign of the relevant hadronic effects. From the 
experimental side, none of the methods we described is easy to carry out. Hopefully, some 
of them will turn out to be useful. 

ACKNOWLEDGMENTS 

We thank Gerhard Buchalla, Isi Dunietz, Boris Kayser, Yossi Nir, Luis Ohver, Lincoln 
Wolfenstein and Mihir Worah for helpful discussions. H.Q. also acknowledges the hospitahty 
of the Particle Physics Department of the Weizmann Institute of Science where her work on 
this topic began. 



22 



REFERENCES 



[1] L. Wolfenstein, talk given at the symposium on FCNC, present and future studies, 
February 19-21, 1997, Santa Monica, CA, USA. 
Y. Nir and H.R. Quinn, Phys. Rev. D 42 (1990) 1473. 

J.M. Soares and L. Wolfenstein, Phys. Rev. D 47 (1993) 1021; Y. Nir and U. Sarid, 
Phys. Rev. D 47 (1993) 2818; Y. Grossman and Y. Nir, Phys. Lett. B 313 (1993) 126. 
R. Aleksan, B. Kayser, and D. London, Phys. Rev. Lett. 73 (1994) 18. 
A.E. Snyder and H.R. Quinn, Phys. Rev. D 48 (1993) 2139. 

L. Oliver, talk given at the Princeton Babar workshop, March 1997, Princeton, NJ, 
USA; J. Charles, A. Le Yaouanc et al., Orsay preprint LPTHE(97), in preparation. 
R.M. Barnett et al.. The PDG, Phys. Rev. D 54 (1996) 1. 
Y. Grossman and M.P. Worah, Phys. Lett. B 395 (1997) 241. 

For a review see e.g., Y. Nir, Lectures presented in the 20th SLAG Summer Institute, 
SLAG-PUB-5874 (1992); Y. Nir and H.R. Quinn, Ann. Rev. Nucl. Part. Sci. 42 (1992) 
211. 

The BaBar Physics Book, SLAG-R-504, in preparation. 
M. Gronau and D. Wyler, Phys. Lett. B 265 (1991) 172. 

I. Dunietz, Phys. Lett. B 270 (1991) 75; Z. Phys. C 56 (1992) 129; D. Atwood, I. 
Dunietz and A. Soni, Phys. Rev. Lett. 78 (1997) 3257. 

R. Aleksan, I. Dunietz and B. Kayser, Z. Phys. C 54 (1992) 653; I. Dunietz, Phys. Rev. 
D 52 (1995) 3048; Y. Grossman, Phys. Lett. B 380 (1996) 99. 
For a review see e.g., A.J. Buras and R. Fleischer, [hep-ph / 9 7043 76 . 



G. Kramer and W.F. Palmer, Phys. Rev. D 52 (1995) 6411. 

M. Giuchini, E. Franco, G. Martinelli, A. Masiero and L. Silvestrini, |hep-ph/ 9704274 . 
M. Gronau and D. London, Phys. Rev. Lett. 65 (1990) 3381. 
M. Beneke, G. Buchalla and I. Dunietz, Phys. Lett. B 393 (1997) 132. 
M. Beneke, G. Buchalla and I. Dunietz, Phys. Rev. D 54 (1996) 4419. 
For studies and reviews of new physics effects in GP asymmetries in B decays see e.g., 
G.O. Dib, D. London and Y. Nir, Int. J. Mod. Phys. A 6 (1991) 1253; M.P. Worah, 
Phys. Rev. D 54 (1996) 2198; N.G. Deshpande, B. Dutta and S. Oh, Phys. Rev. Lett. 
77 (1996) 4499; J.P. Silva and L. Wolfenstein, Phys. Rev. D 55 (1997) 5331; A.G. 
Gohen, D.B. Kaplan, F. Lepeintre and A.E. Nelson, Phys. Rev. Lett. 78 (1997) 2300; 
M. Gronau and D. London, Phys. Rev. D 55 (1997) 2845; Y. Grossman, Y. Nir and R. 
Rattazzi, |hep-ph/9701231| ; R. Barbieri, L.J. Hall and A. Romanino, |hep-ph/9702315| ; 
R. Barbieri and A. Stru mia, |E^-ph/9704402| ; Ref. |[; Ref. ||; Ref. §; Ref. p|. 
[21] D. London and A. Soni, |hep-ph/9704277i 
[22] Y. Grossman, Y. Nir and M.P. Worah, ^lep-ph/ 9704287 . 



23 



